Introduction {#Sec1}
============

Most of cancer cells rely characteristically on highly progressed glycolytic activity to explosively acquire energy (i.e. the Warburg effect) and are prone to be induced into the oxidative stress state due to the elevation of reactive oxygen species (ROS)^[@CR1],[@CR2]^. Depending on the concentration, ROS exhibits both positive and negative effects on cells. Low to moderate levels of ROS contribute to sustaining cellular proliferation and can be a trigger for the activation of the stress-responsive survival pathway, including the glucose transporter^[@CR3],[@CR4]^. However, the excessive generation of ROS causes severe damage to cellular macromolecules and organelles, resulting in disordered cellular proliferation^[@CR5],[@CR6]^. This persistent oxidative stress state may serve to be the underlying etiology of a variety of diseases by further damaging nucleic acids, proteins, and lipids^[@CR5],[@CR6]^. The contradictory effects of ROS in accordance with their concentration play an important role in potential anticancer strategies aimed at regulating cellular redox status. Currently, a number of anticancer agents are being developed based on the modulation of cellular oxidative stress with strategies to regulate cellular ROS levels^[@CR7]^. These strategies have been grouped into two approaches: either the suppression of ROS production to alleviate the oxidative stress state (i.e. ROS scavengers) and the facilitation of ROS production to induce oxidative stress (i.e. ROS inducers)^[@CR7]^. The ROS inducer approach is expected to be a straightforward strategy to induce cell to death due to the cytotoxicity of excessive ROS. Furthermore, facilitation of ROS generation is expected to bring other clinical benefits. In radiation therapy for cancers, cells showing strong antioxidant activity and maintaining low ROS levels such as cancer stem cells are generally radioresistant because they contribute to the suppression of DNA damage^[@CR8]^. Therefore, promotion of ROS production will increase the radiosensitivity of cancer cells.

Mammalian cells have an ingenious antioxidant system that serves to protect them from excessive intracellular ROS and extracellular oxidants. Superoxide dismutases (SODs), catalases, and glutathionylation-related enzymes are representative antioxidant enzymes that balance the ROS level and protect cellular components from oxidative harmfulness. Of the glutathionylation-related enzymes, the glutathione S-transferases (GSTs) superfamily was classically identified as phase II detoxifying enzymes that contribute to neutralizing exogenous as well as endogenous electrophiles, including ROS, through the conjugation of glutathione (GSH)^[@CR9]--[@CR11]^. In human, GST superfamily consists of isozymes, namely alpha (GSTA), mu (GSTM), pi (GSTP), theta (GSTT), sigma (GSTS), kappa (GSTK), omega (GSTO), zeta (GSTZ), and MAPEG (membrane-associated proteins involved in eicosanoid and glutathione metabolism)^[@CR12],[@CR13]^. GSTK and MAPEG are identified as mitochondrial and microsomal GST, respectively, and the others are as cytosolic GST^[@CR14],[@CR15]^.

The GST activity is unfortunately associated with acquired multidrug resistance by detoxifying xenobiotics, including anticancer agents^[@CR10],[@CR16]--[@CR19]^. Drug resistance is a major problem that needs to be overcome because it leads to the fatal clinical limitations of chemotherapy for cancer. In addition, the GST superfamily, particularly GSTP, is known to be a protein associated with diseases^[@CR10]^. GSTP intervenes in various cellular events via its non-enzymatic activity and plays a pivotal role in cellular proliferation. GSTP binds to c-Jun N-terminal kinase (JNK) as a natural inhibitor of JNK in cancer cells, resulting in resistance to apoptosis^[@CR20]^. Furthermore, GSTP interacts with TRAF2 to regulate the TRAF2-ASK1 pathway and cell proliferation^[@CR21]^, and prevents STAT3 activity for the regulation of proliferation and migration of vascular smooth muscle cells^[@CR22]^. Therefore, suppression of GSTP activity has a great potential to be a vital strategy not only for overcoming drug resistance, but also for eliminating diseased cell resistance to apoptosis. For this purpose, in fact, many GSTP inhibitors have been developed^[@CR23]^. For instance, GSH analog TLK117, an esterified ezatiostat (TLK199) that binds to GSTP and induces JNK activation, has been entered clinical trial phase I-IIa for the treatment of myelodysplastic syndrome^[@CR10],[@CR24]^. Ethacrynic acid and its derivatives, including ethacraplatin, allow complete inactivation of GST by covalently binding them to GSTs^[@CR25]--[@CR27]^. Canfosfamide (TLK286) is a pro-drug that exploits the activity of GSTP to release a part of it as a DNA-binding alkylating agent^[@CR28],[@CR29]^. TLK286 has been in phase II and III clinical trials for the treatment of drug resistant ovarian cancer^[@CR30],[@CR31]^. Piperlongumine and its analogs were developed with the aim of increasing cellular ROS and inducing oxidative stress by blocking GSTP^[@CR32]--[@CR34]^. NBDHEX, a derivative of inhibitor 7-nitro-2,1,3-nitrobenzoxadiazole for GSTs, has greatly improved substrate specificity for GSTP, and has resulted in inhibiting the interaction of GSTP with TRAF2 and JNK^[@CR35],[@CR36]^. Furthermore, there are many reports suggesting that polymorphisms in GST are potentially a risk factor for some cancers as well as neurodegenerative diseases, and may be associated with drug resistance problem^[@CR10],[@CR23]^. Recent studies have reported that polymorphisms in GSTP showed a higher risk for the development of resistance to imatinib mesylate for chronic myeloid leukemia patients, and that polymorphisms in GSTM may be responsible for resistance to hormonal therapy in prostate cancer patients^[@CR37],[@CR38]^. Therefore, it is very significant to suppress the activity of GSTP in disease cells.

However, the use of inhibitors may cause undesirable side effects and renewed drug resistance. Oligonucleotide therapeutics such as RNAi technology can suggest promising means toward overcoming these problems^[@CR39]^. Nucleic acid medicine, which is an "information drug", has the benefit of having extremely high specificity and the ability to inhibit target proteins at the genetic level, making it advantageous for clinical use due to its likelihood of producing clear effects and eliminating side effects. In order to suppress the cancer cell proliferation based on the mechanism by which disorder of the redox status induces oxidative stress, we focused on the GST superfamily as a target in which expression would be suppressed. In this study, we extracted GSTP as the most characteristic expression profile from 7 different GST classes using 11 kinds of cancer cell lines, and demonstrated that GSTP gene knockdown had a significant impact on cancer cell growth, particularly for pancreas cancer cells lines. Furthermore, comparative proteomic analyses employing mass spectrometry suggested that the mechanism of cytostatic effect of GSTP-silencing was based on mitochondrial dysfunction. Elucidation of the effects of GSTP-silencing and its mechanism will be expected to contribute to the development of nucleic acid medicines enabling high specificity and elimination of drug resistance problems as well as impairing cell proliferation.

Results {#Sec2}
=======

Expression profiling of the GST family in human cancer cells {#Sec3}
------------------------------------------------------------

The GST superfamily was selected as a target molecule that has a potential to induce oxidative stress and to inhibit growth of cancer cells by the suppression of expression at the gene level. The GST superfamily consists of multiple isotypes. To determine which would be the focus of this study, through immunoblotting and quantitative real-time PCR, the expression profiles of seven different classes of GSTs were explored at both the transcription and protein levels for 13 miscellaneous human cancer cell lines consisting of A549 (lung), MCF7 and MDA-MB-231 (breast), PANC-1, MIA Paca-2 and SW1990 (pancreas), M7609, COLO320HSR, SW480 and HCT116 (colon), HepG2 (liver), HT1080 (fibrosarcoma), and HeLa (cervical) were explored.

The expression patterns of GST superfamily members displayed broad diversity. No significant contradiction was found between protein expression and gene expression levels. At the protein level (Figs [1a](#Fig1){ref-type="fig"} and [S1](#MOESM1){ref-type="media"}), GSTK and GSTO were found to be the most ubiquitously expressed GSTs, whereas GSTA showed exceptionally low expression in all the cell lines studied. MIA Paca-2 expressed the most types of GSTs, with all but GSTA being deleted. In contrast, A549 cells were found to possess the simplest profile, expressing only three isoforms (GSTK, GSTP, and GSTO). The quantification of mRNA enabling in order to compare expression levels between isotypes revealed that *GSTP* was a predominant GST in all GSTP-positive cells (Figs [1b](#Fig1){ref-type="fig"} and [S2A](#MOESM1){ref-type="media"}). The relative proportion of *GSTP* was overwhelmingly high among all GSTs, demonstrating more than 60% of total GSTs, except for MDA-MB-231 (38.3 ± 3.1%) and HT1080 (44.4 ± 3.4%) (Fig. [S2A](#MOESM1){ref-type="media"}). Principal component analysis (PCA) applied to the quantification of mRNA for each GST member demonstrated that GSTP-positive cells could be clearly distinguished from GSTP-negative cells as shown in Fig. [1c](#Fig1){ref-type="fig"}. In addition, hierarchical cluster analysis (HCA) as shown in Fig. [1d](#Fig1){ref-type="fig"} also revealed that *GSTP* was extracted as a unique gene showing a different expression profile with a significant difference from all other GSTs (P \< 0.01) (Fig. [S2B](#MOESM1){ref-type="media"}). These results suggested that the expression state of GSTP was distinctive among the GST members with a potential to be a marker to differentiate cancer cells. Therefore, GSTP was selected as a target because its downregulation was expected to be more effective for GSTP-positive cancers.Figure 1Exploration of GST family expression in 13 miscellaneous human cancer cell lines. **(a)** Western blot analysis of the GST family. Full-length blots are presented in Supplementary Fig. [S1](#MOESM1){ref-type="media"}. **(b)** Quantitation of the mRNAs coding the GST family as measured with qPCR. **(c**,**d)** PCA and HCA based on the quantitation of mRNAs coding the GST family, respectively.

Involvement of GSTP in cancer cell growth {#Sec4}
-----------------------------------------

To investigate the involvement of GSTP in cancer cell growth, GSTP was silenced using small interfering RNA (siRNA), followed by cell growth assays. Interestingly, of the 10 GSTP-positive cells in 13 cells used here, 8 cell lines (all except for COLO320HSR and HT1080) were proto-oncogene KRAS-mutated cancers that promote carcinogenesis and the aberrant proliferation of cancer cells. Hence, we selected these 8 cell lines, which are both *KRAS*-mutated and GSTP-positive cancers, for the growth assays.

Knockdown of GSTP expression was efficiently sustained until Day 4 at the protein expression level, while control siRNA had no effect on GSTP expression (Figs [2a](#Fig2){ref-type="fig"} and [S3](#MOESM1){ref-type="media"}). The knockdown efficiency estimated from the ratio of GSTP/GAPDH reached more than 70% in all cells (Fig. [2b](#Fig2){ref-type="fig"}). The silencing efficiency of MDA-MB-231, MIA PaCa-2, and SW1990 reached a plateau only one day after transfection, and that of other cells also reached a plateau on Day 2 (Fig. [2b](#Fig2){ref-type="fig"}). Cell growths were followed for 4 days after siRNA transfection against GSTP. As shown in Fig. [2c](#Fig2){ref-type="fig"}, GSTP-silencing significantly impaired cell growth, indicating that GSTP is involved in cell proliferation. Compared to the cells treated with control siRNA, GSTP-silencing resulted in over 70% inhibition of cell growth in A549, HCT116, PANC-1, MIA Paca-2, and SW1990 cells at Day 4 after siRNA transfection. In particular, the cell growth inhibition effect of GSTP-silencing on pancreatic cancer cells was remarkable, showing that the growth rate of pancreatic cancer cells (PANC-1, MIA PaCa-2, and SW1990) for 4 days remained below 2-fold (Fig. [2c](#Fig2){ref-type="fig"}).Figure 2Silencing efficiency of GSTP and cell growth assays for GSTP-silenced cancer cell lines. **(a)** Western-blotting analyses showing GSTP expression level elucidating silencing efficiency through siRNA transfections over 4 days. The band volumes of GSTP were represented as the ratios of GSTP/GAPDH estimated by densitometric analyses. The ratio at Day 0 was normalized to 1.00. Full-length blots are presented in Supplementary Fig. [S3](#MOESM1){ref-type="media"}. **(b)** Time-course of silencing efficiency calculated from GSTP/GAPDH ratio shown in A. **(c)** Chase of cell growth rates from Day 0 to Day 4 after siRNA transfection. The growth rate was normalized to 1.0 cell number on Day 0. Solid lines with filled-square and dashed-lines with open square represent the cases where siRNA against GSTP and scramble siRNA were used, respectively.

Previous studies have knocked down GSTP using siRNA to elucidate its function in cancers that overexpress GSTP. Cell growth of head and neck squamous cell carcinoma (HNSCC) cell lines, HSC3 and SAS, was finally suppressed to 50.5% and 35.2% by GSTP-silencing, respectively^[@CR40]^. The proliferation of prostate cancer cells PC3ML was also drastically suppressed by GSTP-silencing^[@CR41]^. In addition to previous reports, our results with various types of cancer cells indicated that GSTP plays an important role in cancer cell proliferation and that inhibition of GSTP is a promising target for the treatment of various cancers.

Elevation of ROS levels induced by GSTP-silencing {#Sec5}
-------------------------------------------------

Since antioxidant activity is one of the essential functions of the GST superfamily, GSTP-silencing is expected to be a "ROS inducer" that leads to oxidative stress with excessive ROS accumulation. Therefore, to investigate whether ROS generation was facilitated by GSTP-silencing, cellular ROS levels were compared between GSTP-silenced and normal conditions (control siRNA transfectant) for 8 cell lines. As shown in Fig. [3a](#Fig3){ref-type="fig"}, silencing of GSTP resulted in a significant elevation of ROS levels in all cells except for the colorectal cancer cell line SW480. Notably, PANC-1 cells displayed remarkable ROS accumulation by GSTP-silencing, approximately 4.3-fold compared with control cells. The fold change of ROS levels correlated well with the inhibition rate of cancer cells (Fig. [3b](#Fig3){ref-type="fig"}), suggesting that an increase in ROS levels was related to the impairment of cell proliferation and may be one of the principal causes.Figure 3Elevation of ROS level due to GSTP-silencing. (**a)** ROS level alterations between cells cultured under normal (white) and GSTP-silenced (grey) conditions for 8 cell lines. The amounts of ROS are represented by fluorescent intensity from the CM-H2DCFDA probe normalized to 1 × 10^4^ cells. \*And \*\*represent P \< 0.05 and P \< 0.01, respectively. **(b)** Relationship between the inhibition rate of cell growth and the increase rate of ROS caused by GSTP-silencing. **(c)** The observation of ROS-generating mitochondria in control and GSTP-silenced PANC-1 cells. Scale bar indicates 20 μm.

Since mitochondria are the primary source of ROS, we observed through MitoSOX Red staining the mitochondrial ROS of PANC-1 cells, which were the cells with the most marked increase in ROS level (Fig. [3a](#Fig3){ref-type="fig"}). In GSTP-silenced PANC-1 cells, mitochondria producing ROS were observed to be more abundant and remarkably spread in the cells compared to control cells (Fig. [3c](#Fig3){ref-type="fig"}). This suggested that GSTP-silencing caused perturbation of mitochondrial homeostasis and consequently induced oxidative stress.

Proteomic analysis of PANC-1 cells to elucidate how GSTP-silencing affects on cells {#Sec6}
-----------------------------------------------------------------------------------

To better understand the effect of GSTP-silencing on cells, we performed comparative proteomic analysis with a label-free quantitation (LFQ) technique using a nanoflow LC-MS/MS for PANC-1 cells^[@CR42]^. The expressed proteins of GSTP-silenced and control siRNA-treated cells on Day 4 after siRNA transfection were quantitatively compared. In total, up to 2,294 proteins in GSTP-silenced or control cells could be identified. Among the proteins of which expression levels were altered more than 4-fold (more than 2 in absolute log2-transformed fold change) except for GSTP, 42 and 67 proteins were significantly up- and down-regulated, respectively, in GSTP-silenced cells compared to control cells (Fig. [4a](#Fig4){ref-type="fig"}). Heatmap representations based on the log2-transformed LFQ values of the 42 most up-regulated and the 67 most down-regulated proteins showed high reproducibility across quadruplicate experiments (Fig. [4b](#Fig4){ref-type="fig"}). As representative of the proteins in which expressions were significantly altered due to GSTP silencing, Fig. [4c](#Fig4){ref-type="fig"} and Table [S1](#MOESM1){ref-type="media"} show the mean log2-transformed ratios for the 30 most up- and down-regulated proteins.Figure 4Comparative proteomic analysis between GSTP-silenced and control PANC-1 cells. (**a)** Volcano plot showing proteins differentially regulated in GSTP-silenced PANC-1 cells compared with normal conditions in quadruplicate independent experiments. Proteins presented a log2-fold change ≥2 (red) or ≤−2 (blue) with a p-value from a Student's t-test ≤0.05 and false discovery rate (FDR) ≤0.01 were defined as significantly up- or down-regulated proteins, respectively. GSTP is indicated as the green dot. **(b)** Heatmaps representing the expression of the 42 most up-regulated (right) and 67 most down-regulated (left) proteins due to GSTP silencing with log2-transformed LFQ intensities. **(c)** Top 30 of the most up- or down-regulated proteins due to GSTP silencing. Proteins localized in mitochondria and the histone family are indicated by green and yellow, respectively. **(d)**, Boxplots of the log2-transformed LFQ values of mitochondrial proteins ranked in the top 30 of the most up- or down-regulated proteins.

Proteomic analysis supplied sufficient evidence of mitochondrial disorder. Of the 30 most up- or down-regulated proteins, 20% of them were found to be mitochondria resident proteins (Fig. [4c](#Fig4){ref-type="fig"}). Expression changes in mitochondria resident proteins ranked in the top 30 are presented in Fig. [4d](#Fig4){ref-type="fig"} and summarized in Table [1](#Tab1){ref-type="table"}. In mitochondria resident proteins, the expression of proteins related to cell growth inhibition and mitochondrial respiratory were found to be upregulated by GSTP-silencing (Table [1](#Tab1){ref-type="table"}). Furthermore, proteins whose reduced activity led to apoptosis and cell cycle arrest were down regulated. (Table [1](#Tab1){ref-type="table"}). In addition to the proteins localized in mitochondria, of the 17 histone clusters detected here, 16 were tightly down-regulated (Fig. [4c](#Fig4){ref-type="fig"} and Table [S2](#MOESM1){ref-type="media"}). This suggested damage to the chromatin and possibly DNA structures, which is typical of lesions resulting from oxidative stress. An overview of cellular total proteins from MS experiments adequately detected alterations in their expression and provided evidence that GSTP-silencing was capable of inducing oxidative stress through mitochondrial dysfunction.Table 1Mitochondria resident proteins showing a significant difference in expression due to GSTP-silencing.Gene namesRepresentative property or functionLog2-fold change**Up-regulated proteins**MRPS3628S ribosomal protein S36. MRPS36 is upregulated by excessive ROS, and functions as a ROS-sensing marker.4.983UQCR10Subunit of mitochondrial complex III.3.197COA3Stabilizer of cytochrome c oxidase, and essential for ROS generation.3.108TOMM40Channel-forming protein essential for import of protein precursors into mitochondria.2.478**Down-regulated proteins**PYCR2Loss of function leads to decreased mitochondrial membrane potential and increased susceptibility to apoptosis under oxidative stress.−3.661FAM162AInvolved in regulation of apoptosis and in hypoxia-induced cell death of transformed cells.−3.339REXO2Loss of function affects cellular morphology and leads cell cycle to G0/G1 arrest.−3.272SLC25A4Involved in mitochondrial ADP/ATP transport. Its silencing induces oxidative stress and apoptosis.−3.205SOD2Neutralize superoxide anion radicals.−2.986MRPL13Mitochondrial ribosomal protein L13. Its silencing lead to decrease production of mitochondrial proteins.−2.954CLIC4Inhibition of CLIC4 enhances autophagy and triggers mitochondrial and ER stress-induced apoptosis.−2.918NDUFB9Mitochondrial membrane respiratory chain NADH dehydrogenase.−2.818

Mitochondrial dysfunction and cell growth disorder by GSTP silencing, and their restoration by ROS elimination {#Sec7}
--------------------------------------------------------------------------------------------------------------

In addition to increasing the ROS level, comparative proteomics also suggested mitochondrial dysfunction due to GSTP-silencing. Therefore, the mitochondrial membrane potential differences between GSTP-silenced and control PANC-1 cells were investigated through JC-1 dye staining. As shown in Fig. [5a](#Fig5){ref-type="fig"}, GSTP-silencing facilitated the depolarization of the mitochondria membrane. In control PANC-1 cells, both depolarized and polarized mitochondria were present in approximately equal amounts as if they were scattered throughout the cells. In contrast, in the GSTP-silenced state on Day 2 of siRNA infection, depolarized mitochondria formed a network-like structure or aggregate distribution, and polarized functional mitochondria were significantly reduced (Fig. [5a](#Fig5){ref-type="fig"}).Figure 5Distribution of mitochondria generating ROS and dysfunctional mitochondria induced by GSTP silencing. **(a)** Observation of mitochondria membrane potential stained with JC-1 dye. Depolarized and polarized mitochondria were observed as green and red, respectively. Scale bar indicates 20 μm. Area ratios of polarized/depolarized mitochondria per cell are shown on the right. **(b)** Alteration of accumulated ROS in GSTP-silenced PANC-1 cells cultured with or without 50 µM NAC supplement. The amounts of ROS are represented by fluorescent intensity from the CM-H2DCFDA probe and normalized to 1 × 10^4^ cells. **(c)** Cell growth rates of control and GSTP-silenced PANC-1 cells cultured with or without NAC. The growth rate was normalized to 1.0 cell number on Day 0. **(d)** Caspase-3 and/or caspase-7 activity assay for GSTP-silenced and normal state PANC-1 cells to assess induction of apoptosis. **(e)** Morphological analysis in control and GSTO-silenced PANC-1 cells. Cytoskeleton protein F-actin (green) and nuclei (blue) were stained with phalloidin and DAPI, respectively. Scale bar indicates 30 μm. Measurements of mitochondria population (**a**), nucleus diameter and cell area (**e**) were performed with software ImageJ 1.51. In all figures, \*and \*\*represent P \< 0.05 and P \< 0.01, respectively.

On the other hand, excessive ROS may be the only cause of mitochondrial dysfunction and cell growth suppression. Therefore, to ascertain whether neutralization of excess ROS restored the ability of cell proliferation and mitochondria function, a ROS scavenger N-acetyl-L-cysteine (NAC) was supplemented to GSTP-silenced PANC-1 cells at a final concentration of 50 µg/mL. The supplement of NAC could reduce the total amount of accumulated ROS, which were approximately 30% decrease compared with cells cultured without NAC by Day 4 (Fig. [5b](#Fig5){ref-type="fig"}). Addition of NAC to GSTP-silenced cells on Day 2 of the siRNA transfection showed very little restoration of the proportion of polarized mitochondria two days later, although a significant recovery was displayed compared to GSTP-silenced cells (Fig. [5a](#Fig5){ref-type="fig"}). Polarized mitochondria in GSTP-silenced cells cultured with NAC addition remained at approximately 20% of that of control cells (Fig. [5a](#Fig5){ref-type="fig"}). In addition, NAC recovered cell growth rate slightly (1.6-fold compared to GSTP-silenced cells without NAC), although the recovery rate was only 33% compared to control cells (Fig. [5c](#Fig5){ref-type="fig"}). The restoration of both cell growth and mitochondrial function by NAC indicated ROS affected cell proliferation and mitochondrial function. However, even when high concentrations of NAC (50 µg/mL) were added, the recovery rate was remarkably low compared to control cells, suggesting that cell growth inhibition and mitochondrial dysfunction are due not only to excessive ROS but also to other major pathways.

GSTP-silencing effectively suppressed cell proliferation although cells did not die completely. As a non-enzymatic function, GSTP is involved in the signal transduction through a protein-protein interaction with JNK, resulting in the protection from apoptosis of cancer cells^[@CR20]^. Therefore, it is believed that GSTP-silencing should lead the cells to apoptosis by JNK activation. Indeed, the phosphorylation of JNK was facilitated by GSTP-silencing (Fig. [S4](#MOESM1){ref-type="media"}). To investigate whether GSTP-silenced PANC-1 cells to underwent apoptosis, a luciferase assay was performed to assess caspase 3 and/or caspase 7 activity. As shown in Fig. [5d](#Fig5){ref-type="fig"}, an increase in the activity of caspase 3 and/or 7 was observed in cells on Day 4 of siRNA infection, suggesting that apoptosis was eventually induced by GSTP silencing.

Morphologic observation of PANC-1 cells following GSTP-silencing showed significant hypertrophied nuclei and enlargement of cell size (Fig. [5e](#Fig5){ref-type="fig"}), implying that cell division was not actively occurring or staying in the cell growth arrested state. Proteomic analysis also indicated that morphological alteration and cell cycle inactivation were also supported by the downregulation of mitochondrial REXO2 found in proteomic analysis (Table [1](#Tab1){ref-type="table"}). Based on these results, it is necessary to consider both apoptosis and senescence resulted from oxidative stress as a mechanism of the suppression of cell proliferation by GSTP-silencing.

Discussion {#Sec8}
==========

Aiming to induce an oxidative stress to suppress cancer cell growth, we focused on the GST superfamily, which is representative of antioxidant proteins that are frequently overexpressed in cancers. Of the seven GST isotypes, GSTP could be extracted as a predominant member, and GSTP-silencing using siRNA resulted in a remarkable hampering of cancer cell growth and promoted excessive ROS generation (Figs [1](#Fig1){ref-type="fig"}--[3](#Fig3){ref-type="fig"}).

GST superfamily directly involves in cell proliferation as well as in sensitivity to xenobiotics, and a number of GST-knocked out mice have been established to understand the function of GSTs^[@CR11]^. From the perspective of cell proliferation involving GSTP, interestingly, GSTP deficiency (knocked out) has been reported to reduce cell number doubling time in normal cells. Mouse embryo fibroblasts (MEFs) established from GSTP null genotype (GSTP^−/−^) mice have been demonstrated to have a shorter doubling time than GSTP-positive cells (26.2 h and 33.6 h for GSTP null and GSTP-positive cells, respectively), indicating that loss of GSTP facilitated cell growth^[@CR43]^. However, immortalization of MEFs elevated the activity of extracellular signal-regulated kinases ERK1/ERK2, and the doubling time of immortalized MEF from GSTP^−/−^ was no different from that of GSTP ^+/+^ cells^[@CR43]^. In addition, bone marrow-derived dendritic cells (BMDDCs) established from GSTP^−/−^ mice has also demonstrated that doubling time was shorter than that of BMDDCs isolated from wild-type (GSTP-positive) mice, regardless of consistently high ROS level^[@CR44]^. On the other hand, GSTP-knocked out colon cancer cell HCT116 has been reported to display proliferation impairment, with doubling time increased to 5 times that of normal cells due to oxidative stress state under the growth-limiting condition^[@CR45]^. These facts indicate that involvement of GSTP in cell proliferation is distinctly different between finite and infinite cells. Depletion of GSTP can lead cells to proliferative pathways in normal cells. In contrast, suppression of GSTP activity downregulates cell proliferation for infinitely proliferative cells including cancer cells. The increase in ROS level due to inhibition or depletion of GSTP is common to normal and cancer cells. Therefore, the contradictory effect of GSTP suppression between normal cells and cancer cells can be attributed to differences in the amount of ROS generated, the rate of ROS generation, and capacity to ROS of each cell. Our GSTP-silencing was very effective in suppressing various cancer cells. It is likely due to rapid ROS generation resulting in inducing oxidative stress beyond the cell capacity.

Comparative proteomic analysis of PANC-1 cells to overview the effect of GSTP-silencing on cells convincingly suggested that GSTP-silencing induced mitochondrial dysfunction (Fig. [4](#Fig4){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). Although GSTP was originally identified as a cytosolic GST, GSTP has been reported to localize in mitochondria, lysosomes and nuclear region, in addition to cytosol^[@CR46]^. Mitochondrial GSTP is involved in protecting organelles from oxidative stress through the suppression of cardiolipin peroxidation and cytochrome c release^[@CR46]^. In fact, the expression of cytochrome c-related proteins UQCR10 and COA3 were upregulated, confirming that mitochondria were in a disordered state. It is therefore likely that GSTP-silencing may directly elicit mitochondrial dysfunction, resulting in the rapid generation of ROS, which is reasonable because the primary source of ROS is mitochondria.

Interestingly, 8 out of 10 GSTP-positive cancer cells used here were found to be proto-oncogene *KRAS*-mutated cells. It has been reported that the *KRAS* mutation is associated with the regulation of mitochondria function and ROS generation. Mutated*-KRAS* stimulates mitochondria, resulting in the induction of ROS generation and in the up-regulation of EGFR and its ligands to facilitate dedifferentiation of human pancreas duct-like cells^[@CR47]^. However, it has also been indicated that mutated-*KRAS* in pancreas cancer cells downregulates ROS levels by facilitating the antioxidant response^[@CR48]^. While contradictory effects on ROS production of ectopic *KRAS* have been reported, it may be certain that mutated-*KRAS* exquisitely mediates mitochondrial function and regulates the expression levels of ROS, particularly in pancreatic cancers. The probability of *KRAS* mutation in pancreatic cancers is approximately 95%, which is significantly higher than that of cancers in other organs^[@CR49],[@CR50]^. Our additional investigation of pancreatic cancer cell lines also indicated that 7 out of 8 cell lines were *KRAS*-mutated, and all were GSTP-positive cells (Fig. [S5](#MOESM1){ref-type="media"}). Our GSTP-silencing was effective in suppressing the growth of 8 *KRAS*-mutated cells. In malignant cells without mutation of KRAS, it has been reported that the inhibition of GSTP expression in HL-60, a leukemia cells, had no cytostatic effect^[@CR51]^. In cancer with both GSTP-positive and *KRAS*-mutated, the network consisting of GSTP, mutated KRAS, and mitochondria may be closely associated with cell growth. GSTP-silencing for *KRAS*-mutated cancers means leaving GSTP from this network, which may have resulted in mitochondria dysfunction. Furthermore, this network may be related to the difference in the involvement of GSTP in cell proliferation in normal and cancer cells as described above. *KRAS* in normal cells is usually not mutated. Since *KARS* in normal cells is not mutated, the pathway of mitochondrial regulation by KARS should be different between normal cells and *KRAS*-mutated cancers. Interfering with this network using GSTP-silencing could be a breakthrough in the treatment of *KRAS*-mutated cancers which show high proliferative activity.

Mitigation of cellular ROS by NAC partially reversed mitochondrial membrane potential, indicating ROS surely affects mitochondrial function. However, the restoration of mitochondrial function by NAC was highly limited compared to control cells (Fig. [5a](#Fig5){ref-type="fig"}). Recovery of cell proliferative capacity was also limited (Fig. [5c](#Fig5){ref-type="fig"}). This suggests that suppression of mitochondrial dysfunction and cell proliferation by GSTP silencing is not only due to excessive ROS, but also to other major factors. That is the pathway by which GSTP-silencing initially inhibits mitochondrial function and subsequently facilitates ROS generation to induce oxidative stress. GSTP-silencing induced explosive ROS generation. When GSTP was silenced, the levels of ROS had reached 3.7-fold over that of control cell (Fig. [3a](#Fig3){ref-type="fig"}). Even that of NAC-treated cells was 1.9-fold (Fig. [5c](#Fig5){ref-type="fig"}). Moreover, the continuous increase of ROS level was has been demonstrated even under high concentration NAC-supplemented conditions (Fig. [5b](#Fig5){ref-type="fig"}). This rapid ROS generation is thought to be due not only to the lack of the antioxidant capacity of GSTP but also to mitochondrial damage induced by the loss of GSTP localized in mitochondria. Since the primary source of ROS is mitochondria, mitochondrial dysfunction should be the initial step in an explosive increase in ROS. The fact that ROS was generated explosively by GSTP-silencing and the incomplete recovery of mitochondrial function by NAC demonstrated in this study indicates that GSTP-silencing induces oxidative stress through mitochondrial dysfunction.

The limitation here includes that it could not be clearly elucidated the distinction between apoptosis and cell cycle arrest as a primary mechanism of cell growth inhibition by GSTP-silencing, although induction of both of them could be observed in PANC-1 cells (Fig. [5d,e](#Fig5){ref-type="fig"}). Since GSTP is a natural inhibitor of JNK, an apoptosis-inducing factor, GSTP silencing is likely to induce apoptosis in the 8 cells used here. It was expected that the number of cells would be reduced by GSTP-silencing if apoptosis proved to be dominant for cell growth inhibition, the number of cells was expected to be reduced by GSTP-silencing. However, in the 4 days after siRNA infection, none of the cells among the 8 cell lines tested showed decreases in number compared to their initial state Day 0 (Fig. [2c](#Fig2){ref-type="fig"}). Thus, cell growth suppression by GSTP-silencing needs to be considered as not only apoptosis but also the cell growth arrested state. Persistent oxidative stress due to excessive ROS may cause a senescent state, an important hallmark of aging, resulting in inducing of cell growth delay^[@CR52]^. Furthermore, the down-regulation of REXO2, SLC25A4, MRPL13, and CLIC4B, whose down-regulation is known to lead to G0/G1 arrest, revealed by comparative proteomics supported the induction of cell cycle arrest by GSTP-silencing (Fig. [4d](#Fig4){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). Further follow-up studies may reveal the dominant mechanisms (apoptosis or senescence) of cell growth inhibition by GSTP-silencing.

In the present study, we have demonstrated the impact of GSTP-silencing on the growth of cancer cells. Suppression of GSTP at the transcript level induced oxidative stress based on mechanisms that intervened in mitochondrial homeostasis, which might be more rapidly and strongly than suppressing the expressed GSTP protein. We believe that GSTP-silencing has great potential for the treatment of various diseases and cancers as ROS-inducer through mitochondria dysfunction.

Materials and Methods {#Sec9}
=====================

Cell culture {#Sec10}
------------

The human cancer cell lines A549, MCF7, MDA-MB-231, PANC-1, MIA Paca-2 SW1990, BxPC3, AsPC1, CFPAC1, Capan2, Suit2, COLO320HSR, SW480, HCT116, HepG2, and HeLa were purchased from ATCC or provided by the RIKEN BRC through the National Bio-Resource Project of the Ministry of Education, Culture, Sports, Science, and Technology (MEXT), Japan. The cell line M7609 was kindly provided by Dr. S. Machida (Hirosaki University, Hirosaki, Japan). All cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA) at 37 °C and under 5% CO~2~ condition.

Western blot analysis {#Sec11}
---------------------

After washing with ice-cold PBS, cultured cells were lysed with buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, and 1% Nonidet P-40) containing protease inhibitors (Roche Diagnostics, Basel, Switzerland). Harvested cell lysates were centrifuged at 15,000 × g for 20 min at 4 °C, and supernatants were collected as soluble proteins. Protein concentrations were determined by the bicinchoninic acid (BCA) method (Pierce, Rockford, IL), and 20 μg of protein were subjected to SDS-PAGE and western blot analysis. Blotted membranes were incubated with 5% bovine serum albumin in PBS containing 0.05% Tween 20 for 60 min at room temperature and then incubated with primary antibodies against GSTP1 (Medical and Biological Laboratories, Nagoya, Japan), GSTA1 (Abcam, Cambridge, UK), GSTK1 (Abcam), GSTM1 (Abcam), GSTO1 (Abcam), GSTT1 (Abcam), GSTZ1 (Abcam), JNK (Cell Signaling Technology, Danvers, MA), phosphorylated JNK (R&D Systems, Minneapolis, MN), and GAPDH (Cell Signaling Technology). Target proteins were detected with an HRP-conjugated anti-rabbit or anti-mouse IgG secondary antibody (Cell Signaling Technology), followed by a chemiluminescent method (Millipore, Burlington, MA). Densitometric analyses were performed with software ImageQuant TL v. 8.1 (GE Healthcare, Chicago, IL).

Quantitative reverse transcription polymerase chain reaction {#Sec12}
------------------------------------------------------------

Total RNA was isolated from cultured cells using RNeasy Mini kits (Qiagen, Valencia, CA) according to the instructions of the manufacturer. cDNAs were synthesized from total RNA (500 ng) using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan) according to the protocol of the manufacturer. Quantitative PCR was performed with the KAPA SYBR Fast qPCR kit (Kapa Biosystems, Wilmington, MA) on an Applied Biosystems StepOne Real-time PCR system (Foster City, CA). Primer sequences used in this study are listed in Supplementary Data Table [S3](#MOESM1){ref-type="media"}.

Transfection of siRNA {#Sec13}
---------------------

siRNAs against GSTP and scrambled for control experiments were purchased from Life Technologies (Carlsbad, CA). Sequences were as follows;

siRNA GSTP sense: 5′-GGGAGGCAAGACCUUCAUUdTdT-3′,

siRNA GSTP antisense: 5′-AAUGAAGGUCUUGCCUCCCdTdG-3′,

scramble sense: 5′-ACGUGACACGUUCGGAGAATT-3′,

scramble antisense: 5′-UUCUCCGAACGUGUCACGUTT-3′.

The transfection of siRNA to cancer cells was performed at concentrations of 50 nM using Lipofectamine RNAiMAX (Life Technologies) in serum-free medium Opti-MEM (Thermo Fisher Scientific) for 5 h. siRNA-treated cells were further cultured in DMEM supplemented with 10% FBS.

Detection of intracellular ROS {#Sec14}
------------------------------

Detection of intracellular ROS was performed by the preincubation of cells with 5 μmol/L of CM-H2DCFDA (6-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester, Molecular Probes, Eugene, OR) according to the manufacturer's instructions. In brief, cultured cells on 96-well culture plates were incubated with 5 µM of CM-H2DCFDA in DMEM without phenol red for 10 min. Following a wash with PBS, cells were harvested with trypsin, and the cell number was counted. After trypsin solution was removed, cells were lysed with a lysis buffer identical to western blot analysis. The accumulation of ROS was quantitatively detected as a measure of fluorescence at Ex/Em: 495/527 nm with a Synergy HT microplate reader (BioTek Instruments Japan, Tokyo, Japan). Fluorescent intensity was normalized by cell number (1 × 10^4^ cells).

Proteomics with nanoflow LC-MS/MS {#Sec15}
---------------------------------

Protein extractions from PANC-1 cells for the proteomic study were performed with a phase transfer surfactant method as reported previously^[@CR53]^. In brief, PANC-1 cells were lysed with buffer containing 12 mM sodium deoxycholate (SDC), 12 mM sodium N-lauroylsarcosinate (SLS), and protease inhibitors (Roche Diagnostics) in 100 mM Tris-HCl buffer (pH 9.0) on 10 cm culture dishes. Cellar proteins were denatured by heating them at 95 °C and sonication. The soluble protein fraction was collected by centrifugation (15,000 × g for 20 min at 4 °C), and protein quantification was performed with a BCA assay. Aliquots containing 100 μg of proteins were subjected to reductive alkylation, incubated with 10 mM dithiothreitol for 40 min at room temperature, which was followed by the addition of 50 mM iodoacetamide and a 40 min incubation at room temperature in the dark. After diluting with 50 mM ammonium bicarbonate so that the final concentration of SDC and SLS was 2.4 mM, extracted proteins were digested with 1 μg of MS grade trypsin (Thermo Fisher Scientific) for 16 h at 37 °C. To remove surfactants from the resultant peptides, an equivalent volume of ethyl acetate was added to the sample solution, and trifluoroacetate was added to a final concentration 0.5% (v/v). The samples were vigorously mixed for 1 min, and the upper layer containing surfactants was removed following centrifugation (20,000 × g for 2 min). Finally, the collected water layers were subjected to a styrene divinylbenzene polymer tip column (GL Science, Tokyo, Japan) to desalt.

Extracted peptides were subjected to nanoLC-ESI-MS/MS mass spectrometry (LTQ Orbitrap Discovery or Orbitrap Q Exactive Plus, Thermo Fisher Scientific) using an EasyNano LC system equipped with an ODS column (particle diameter 3 μm, 0.075 mm × 125 mm, Nikkyo Technos, Tokyo, Japan). The flow rate was adjusted to 300 nL/min for all analyses. Raw data files were processed using software MaxQuant and Perseus for peptide searching with label-free quantification^[@CR29],[@CR50]^. Peptide precursor mass tolerance was set at 10 ppm, and MS/MS tolerance was set at 0.04 Da. Search criteria included carbamidomethylation of cysteine as a fixed modification and oxidation of methionine (+15.9949) as a variable modification. Searches were performed with full tryptic digestion, and a maximum of 2 missed cleavages were allowed. A reverse database search option was also enabled. To identify proteins with significant differences, proteins satisfying all of the following conditions were defined as significantly changed proteins; (a) expression was altered more than 4-fold (more than 2 in absolute log2-transformed fold change), (b) p-value from the Student's t-test ≤ 0.05 between two groups, and (c) false discovery rate (FDR) ≤ 0.01.

Morphological observation of PANC-1 cells {#Sec16}
-----------------------------------------

F-actin staining was performed with fluorescent phalloidin Acti-stain 488 (Cytoskeleton, Denver, CO) according to the manufacturer's instructions. Briefly, cultured PANC-1 cells on coverslips were washed with PBS and fixed with 4% paraformaldehyde (Nacalai Tesque, Kyoto, Japan) for 10 min. Following a PBS wash, cells were permeabilized with PBS containing 0.5% of Triton X-100 for 5 min. After washing with PBS, the cells were incubated with 100 nM of fluorescent phalloidin for 30 min at room temperature in the dark. Finally, the coverslips were rinsed with PBS and mounted to glass slides with Antifade Mountant ProLong Gold containing DAPI (Thermo Fisher Scientific) for counterstaining DNA. A confocal laser fluorescence microscope FluoView FV1000 (Olympus, Tokyo, Japan) was used to obtain fluorescent images.

Observation of mitochondrial ROS and of mitochondrial membrane potential {#Sec17}
------------------------------------------------------------------------

Live cell imaging was performed with MitoSOX Red (Thermo Fisher Scientific) and with JC-1 (5, 5′, 6, 6′-tetrachloro-1, 1′, 3, 3′-tetraethylbenzimidazolylcarbocyanine iodide) (Thermo Fisher Scientific) to observe mitochondrial ROS and the mitochondrial membrane potential, respectively. For the observation of mitochondria generating ROS, the cells were incubated with HBSS (Sigma-Aldrich) containing 5 μM MitoSOX for 10 min at 37 °C in the dark and were then washed with PBS 3 times to remove any residual dye. For the detection of mitochondrial membrane potential, the cells were incubated with DMEM without phenol red containing 10 μg/mL JC-1 dye for 10 min at 37 °C and were then washed with PBS 3 times to remove any residual dye. Images of dye-loaded cells were captured with confocal laser fluorescence microscopes FluoView FV1000 (Olympus) and ELYRAS.1LSM780 (Carl Zeiss, Oberkochen, Germany) for MitoSOX Red and for JC-1, respectively, under 5% CO~2~ conditions. Detection of fluorescence of MitoSOX Red and JC-1 were at Ex/Em 510/580 and 485/580 nm, respectively. The accumulation of ROS was quantitatively detected as a measure of fluorescence at Ex/Em 495/527 nm with a Synergy HT microplate reader (BioTek Instruments Japan, Tokyo, Japan).

Neutralization of cellular ROS {#Sec18}
------------------------------

To remove cellular ROS, PANC-1 cells were cultured in DMEM with a final concentration of 50 μM N-acetyl-L-cysteine (NAC) (Sigma-Aldrich). The culture medium was changed every day to avoid NAC inactivation.

Caspase activation assay {#Sec19}
------------------------

Caspase activation was assessed using the Caspase-Glo 3/7 agent (Promega, Madison, USA) for GSTP-silenced PANC-1 cells. PANC-1 cells were plated in 96-well flat-bottomed plates (5 × 10^3^ per well). After overnight incubation, siRNA against GSTP was transfected through the procedure described above. On Day 4 after the siRNA transfection, cells were washed with PBS and 50 μL of Opti-MEM serum free medium and 50 μL of Caspase-Glo 3/7 regent. Cells were incubated for 30 min at 37 °C under 5% CO~2~ condition. Finally, luminescence was measured with a Synergy HT microplate reader.

Statistical analysis {#Sec20}
--------------------

Results of multiple iterative experiments are shown as the mean ± S.D. Comparisons between two groups were performed using a Student's t-test, with P \< 0.05 considered to be statistically significant except for the interpretation of the proteomic analysis as described above. PCA and HCA applied to the mRNA expression level were performed on software SIMCA P + 12.0 (Umetrics, Kinnelon, NJ).
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